Structural and dynamic properties from a series of 300 ns molecular dynamics, MD, simulations of two intracellular lipid binding proteins, iLBPs, (Fatty Acid Binding Protein 5, FABP5, and Cellular Retinoic Acid Binding Protein II, CRABP-II) in both the apo form and when bound with retinoic acid reveal a high degree of protein and ligand flexibility. The ratio of FABP5 to CRABP-II in a cell may determine whether it undergoes natural apoptosis or unrestricted cell growth in the presence of retinoic acid. As a result, FABP5 is a promising target for cancer therapy. The MD simulations presented here reveal distinct differences in the two proteins and provide insight into the binding mechanism. CRABP-II is a much larger, more flexible protein that closes upon ligand binding, where FABP5 transitions to an open state in the holo form. The traditional understanding obtained from crystal structures of the gap between two β-sheets of the β-barrel common to iLBPs and the α-helix cap that forms the portal to the binding pocket is insufficient for describing protein conformation (open vs. closed) or ligand entry and exit. When the high degree of mobility between multiple conformations of both the ligand and protein are examined via MD simulation, a new mode of ligand motion that improves understanding of binding dynamics is revealed.
Introduction
Intracellular lipid binding proteins (iLBPs) have long been recognized as critical in the transport and improved bio-availability of lipid ligands via reversible, non-covalent binding. iLBPs have recently received attention as potential therapeutic targets for a number of diseases including cancer and diabetes because of their role in signaling pathways (Armstrong, Goswami, Griffin, Noy, & Ortlund, 2014; Glatz, 2015; Storch & Thumser, 2010) . One such target is the class of iLBPs known as Fatty Acid Binding Proteins (FABP). The family of FABPs is comprised of nine separate proteins of 14-15 kDa found in a wide variety of human tissues. Despite their ubiquitous presence in the body, FABP function is highly tissue-specific (Atshaves et al., 2010; Ayers, Nedrow, Gillilan, & Noy, 2007; Cao et al., 2008; De Leon et al., 1996; Liu, Almaguel, Bu, De Leon, & De Leon, 2008; Newberry et al., 2003; Newberry, Xie, Kennedy, Luo, & Davidson, 2006; Owada, 2008; Schug, Berry, Shaw, Travis, & Noy, 2007a; Schug et al., 2008; Storch & Thumser, 2010; Tan et al., 2002; Xie, Newberry, Kennedy, Luo, & Davidson, 2009) . Within the FABP family, the sequence homology is only 20-70% (Armstrong et al., 2014; Storch & Thumser, 2010) . However, the tertiary structures of all FABPs are similar, containing 10 antiparallel β sheets (βA-βJ) to create a β-barrel structure and a helix-turn-helix motif (αI-αII) (Balendiran et al., 2000; Hohoff, Börchers, Rüstow, Spener, & Van Tilbeurgh, 1999; Lucke, Gutierrez-Gonzalez, & Hamilton, 2003; Marr et al., 2006; Ruskamo et al., 2014; Schaap, Van der Vusse, & Glatz, 2002) . The region between βD and βE is separated by distances greater than that required for hydrogen bonding to occur and is referred to as the 'gap,' shown in blue in Figure 1 . Access to the relatively large binding pocket is proposed to occur via the 'portal,' which is located near the helix-turn-helix region of the protein and is shown in green in Figure 1 . However, molecular dynamics studies of other lipid-binding proteins indicate that surface binding may play a role in ligand binding in some proteins in this family (Levin et al., 2010; Long, Mu, & Yang, 2009) .
The focus of the work presented here is the fatty acid binding protein FABP5 (sometimes referred to as E-FABP or KFABP). FABP5 is important as a potential target for cancer therapy, because it binds retinoic acid, RA (Figure 2 ), a metabolite of Vitamin A, and subsequently activates the peroxisome proliferator-activated receptor β/δ (PPAR β/δ resulting in transcription of genes relating to cell growth (Armstrong et al., 2014; Schug et al., 2007a; Schug, Berry, Shaw, Travis, & Noy, 2007b; Schug et al., 2008) . Normally, retinoic acid (RA) is bound by Cellular Retinoic Acid Binding Protein II (CRABP-II) and the Retinoic Acid Receptor (RAR) is activated which signals apoptosis to occur. Usually, the RAR pathway is dominant, in part because the binding affinity of retinoic acid is higher for the CRABP-II/RAR pathway (Kds .1-.2 nm) (Dong, Ruuska, Levinthal, & Noy, 1999; Sussman & de Lera, 2005) than for the FABP5/ PPAR β/δ pathway (Kds 10-50 nm) (Schug et al., 2007a; Tan et al., 2002) . However, in cells that have high amounts of FABP5, activation of the PPAR β/δ pathway occurs, resulting in unwanted cell proliferation (Schug et al., 2007a; Schug et al., 2008; Storch & Thumser, 2010) . The ratio of CRAPB-II to FABP5 determines whether cell proliferation or growth inhibition will be favored (Schug et al., 2008) . CRABP-II acts as a tumor suppressor when there is a sufficiently high ratio of CRABP-II to FABP5. Although much experimental work has been done to understand how these proteins impact cancer cell growth or inhibition, there are still many questions as evidenced by recent reviews that highlight how much is still unknown about what ratio of CRABP-II to FABP5 is required for the RAR route to dominate (Peters, Gonzalez, & Müller, 2015) and the actual role of PPAR β/δ pathway in human cancer (Mueller, 2016) .
CRABP-II and FABP5 have the same three-dimensional β-barrel structure even though they only have a 32% sequence homology, similar to that within the FABP5 family. Figure S1 shows an overlay of CRABP-II and FABP5 to demonstrate their similar three-dimensional structure, and Table S1 shows the full sequence of each protein. While a number of experimental and computational studies have been performed on fatty acid binding proteins and other intracellular lipid binding proteins, including recent studies on FABP3 and FABP4, (Chen, Wang, & Zhu, 2014; Li, Li, & Dong, 2014; Zhou et al., 2016) simulations of FABP5 and CRABP-II are lacking. FABP5 is relevant as a potential therapeutic target for cells where the ratio of FABP5 to CRABP-II is high. In this study, we discuss results from a series of 300 ns molecular dynamics simulations: FABP5 alone, CRABP-II alone, FABP5 bound with retinoic acid, and three trajectories of CRABP-II bound with retinoic acid. Comparison between ligand-containing (holo) and ligand-free (apo) forms of each protein reveal structural and dynamic differences that provide insight into binding and ligand design.
Methods
Starting structures for each protein were obtained from the protein data bank (pdb id 1B56 for FABP5 and pdb id 2CBS for CRABPII). The FABP5 protein from the pdb has 133 residues (numbered 3-135) while the CRABP-II protein has 137 residues. All ligand and water molecules in the protein crystal structure were deleted. The retinoic acid ligand structure was drawn in Spartan 14, saved in .pdb format, and docked into the binding pocket of the corresponding protein using Autodock Vina. The lowest energy conformation was saved as the starting point for subsequent molecular dynamics simulations. As confirmation of the quality of the docked structure, the location of the docked retinoic acid (RA) was compared to that of the structurally similar ligand in the CRABP-II crystal structure. The overlap, as shown in Figure S2 , indicates that Autodock Vina provided reasonable starting locations for the ligands in these proteins. Antechamber was used to determine the gaff force field parameters for the retinoic acid ligand, which was subsequently saved in a .mol2 file. The xleap program in Figure 1 . The starting structure of the simulation of FABP5 Only with the ten β-sheets (βA-βJ) and two α-helices that are common to the entire FABP5 family and CRABP-II labeled. AMBER 14 program was then used to add ions as needed (CRABP-II has a -2 charge, FABP5 is neutral) and solvate the complex with TIP3P waters using a truncated octahedron having a minimum distance of 10 Å from the protein to the edge of the box, resulting in box sizes approximately 61 Å × 61 Å × 61 Å. Each solvated complex was then subjected to minimization followed by 50 ps of heating under NVT conditions to reach 300 K, 50 ps of an NPT simulation at 300 K to equilibrate the density of the solvent, and a 1 ns NPT equilibration prior to the 300 ns production run. A 2 fs time step was applied, periodic boundary conditions were used, and all bonds involving hydrogen were constrained using the SHAKE algorithm. Snapshots were recorded every 25 ps for analysis. The production runs were conducted using the CUDA version of PMEMD to maximize GPU acceleration of sander using NVIDIA GPU (Salomon-Ferrer, Götz, Poole, Le Grand, & Walker, 2013) . Analysis of the production runs were conducted using cpptraj within AmberTools 15 (Roe, Cheatham, & Cheatham, 2013) , MMPBSA.py script in Amber (Miller et al., 2012) , and VMD 1.9.1 (Humphrey, Dalke, & Schulten, 1996) .
3. Results and discussion 3.1. Protein global structure and flexibility All four systems show a stable protein (FABP5 -only and CRABP-II-only) or protein/ligand complex (FAB-P5+RA and CRABP-II+RA) throughout the 300 ns simulation. In the latter simulations, the ligand remains in the binding pocket region, although the ligand exhibits a high degree of flexibility as will be discussed below. There are times when the portal and gap open and close as the retinoic acid ligand moves around in the large binding pocket, but it does not fully exit the protein in the 300 ns simulations. To examine the global structure of the proteins, the average root-mean-squared deviations, RMSD, and radius of gyration, R g , for each of the 4 systems were calculated using Amber15 Tools and are shown in Table 1 . The time-dependent behavior of these values for each simulation is available in the Supplementary Material. The RMSD fluctuates somewhat for each of the four systems consistent with the findings for FABP4 of Li et al. (2014) It is apparent from the consistently larger values of the averages and standard deviations of both the RMSD and R g that CRABP-II is a larger, more flexible protein than FABP5. This result is consistent with reports that a similar iLBP, CRABP-I, also exhibits flexible, dynamic behavior (Ferrolino, Zhuravleva, Budyak, Krishnan, & Gierasch, 2013 . The radius of gyration of the starting crystal structures were 14.2 Å for FABP5 (pdb id 1B56) and 14.6 Å for CRABP-II (pdb id 2CBS). Therefore, the protein was considered open when the radius of gyration was greater than 14.7 Å for FABP5 and greater than 15.1 Å for CRABP-II. See Figure 3 for open and closed conformations of FABP5. The average radius of gyration in every simulation is larger than the R g of the crystal structure both with and without bound ligand. As expected, these proteins appear to be more flexible and open in solution. Table 1 shows that the percentage of time the protein stays open changes in the presence of ligand, but the direction of the change differs for CRABP-II and FABP5. In the case of CRABP-II, the protein is in the closed confirmation more often in the holo form, while for FABP5, the protein is in the open confirmation more often in the holo form, although in general, FABP5 is in the closed form far more often. An analysis of the conformational states of FABP4 shows that the closed conformation is dominant for the apo form and that FABP4 is more open upon ligand binding, consistent with the findings here for FABP5 (Li et al., 2014) .
The flexiblity of the protein backbone in the apo and holo states can be further evaluated by the root meansquared fluctuations (RMSF) of Cα atoms in each residue as shown in Figure 4 . The secondary structures for each protein are shown at the top of Figure 4 and are separated by protein, because the residue numbers that comprise the α-helices and β-sheets differ slighly between FABP5 and CRABP-II. RMSF values are less than one for atoms within the β-sheets, indicating very little positional fluctuation. The helix-turn-helix region of the proteins showed larger fluctuations indicating larger mobility than the atoms in the β-sheets. These results are consistent with the hypothesis that the residues in the helix-turn-helix region form the portal that opens (and closes) to allow ligands to enter the binding pocket.
Regions of larger RMSF values also appear in the loops between β-sheets, particularly those facing the portal region of each protein. Visual inspection of the trajectories supports the conclusion that the loops, particularly those near the portal region, experience much motion during the simulation. To further understand the motion indicated by the R g and RMSF calculations, a series of distances were monitored over the course of the simulation and are shown in Figure 5 with averages given in Table 2 . To monitor the gap region, distances between βD (Phe 65 in FABP5 and Ile 63 in CRABP-II) and βE (Glu 75 for FABP5 and Glu 73 for CRABP-II) residues were monitored. To follow changes in the portal region, distances between residues in the βE/βF loop (Gly 36 for FABP5 and Ala 36 in CRABP-II) and αII (Leu 60 for FABP5 and Val 58 for CRABP-II), referred to as Portal 1, and between the α1/ αII loop (Val 28 for FABP5 and Gly 23 in CRABP-II) and βE/βF loop (Ala 78 for FABP5 and Val 76 in CRABP-II), referred to as Portal 2, were followed over the course of all simulations. Additionally, the distance between residues in the αI/αII loop and the βG/βH loop (Asp 101 for FABP-5 and Gly 102 in CRABP-II), referred to as Loop G-H, were monitored. These distances were selected rather than a single distance as in the analyis of FABP4 by Li et al. (2014) so that a clear picture of the motion of loops near the portal could be examined.
Comparing the time dependence of the radius of gyration ( Figure S4 ) to the distances in Figure 5 , it appears that CRABP-II oscillates between open and closed forms in both the apo and holo form, while FABP5 is open at times, but is primarily in the closed conformation both with and without the RA ligand. It is also clear that the Gap, Portal 1, Portal 2, and Loop G-H motions are independent of one another and fluctuate throughout the simulation. From visual inspection of the trajectories, either loop can turn out into the solvent in both the apo or holo form. It is also interesting to note that at times, the α1/αII loop and the βG/βH loop are within 9 Å and at others they are more than 20 Å apart. This certainly adds to the discussion of where and how ligands enter and exit the binding pocket. Although briefly mentioned by Li et al., very little attention has been paid to the other loops near the portal region in the literature (Li et al., 2014) . With the large distance fluctuations of these loops, this may be another potential location for water or ligand ingress and egress from the binding pocket.
Ligand motion in FABP5
A lingering question in the literature on lipid binding proteins is the mechanism of ligand binding. Clearly this is an important question when evaluating drug targets and for understanding relative binding affinities. RA has been shown to bind to both CRABP-II and FABP5 with reasonable Kds (.1-.2 nm for CRABP-II [Dong et al., 1999; Sussman & de Lera, 2005] and 10-50 nm for FABP5 [Schug et al., 2007a; Tan et al., 2002] ). Crystal structures can give some insight into why that is the case, but they only provide a partial story. MD simulations provide insight into the dynamic behavior of protein-ligand interactions that are unable to be seen in the solid state. In solution, neither the protein nor the ligand are rigid. The crystal structures do however, highlight the importance of certain residues in binding. In the case of FABP5, Arg 129, and Tyr 131, both of which are part of βJ, form hydrogen bonds with the carboxylic acid functional group when crystalized with a fatty acid (Van Tilbeurgh, Hohoff, Borchers, & Spener, 1999) . While these hydrogen bonds are observed in some of the frames of the FABP5+RA simulation, more often hydrogen bonds are observed between RA and Arg 109, which is part of βH. In the starting structure of FABP5+RA, RA O1 is equidistant from Arg 109 and Arg 129 as shown in Figure S5 . In the solution-phase simulation here, RA apparently prefers to form hydrogen bonds with Arg 109 rather than Arg 129. During the course of the simulation, RA O1 forms a hydrogen bond with Arg 109 HE (see Figures 1 and S7 for atom labeling scheme for RA and Arg.) in 47% of the recorded frames while RA O2 forms a hydrogen bond with Arg 109 HH12 in 41% of the recorded frames. Li et al. also observe conformational modes in which certain ligands will lose contact with residues that are conserved in the crystal structures of holo forms of FABP4 (Li et al., 2014) .
Additional insight into the motion of the FABP5+RA complex is revealed through close inspection of the time dependence of the gap and portal distances ( Figure 5) . Even though the radius of gyration calculations indicate that the protein is in the closed conformation nearly 90% of the time in the holo form, the portal and gap can open, sometimes widely. To evaluate this motion, the distance between O1 of retinoic acid and Arg 109 NE (the hydrogen bond mentioned in the previous paragraph) and RA C6 and the α1/α2 loop using V28 Cα) were monitored. The former distance indicates how deep the ligand is in the binding pocket while the latter provides insight in hyrophobic interactions between the ligand and the protein.
In the region between 58-65 ns, the retinoic acid appears to lose hydrogen bond contact with Arg 109, but the hydrohobic region protein loop to RA C6 distance decreases, so the retinoic acid is not leaving the binding pocket. Snapshots at 60, 140, and 300 ns are shown in Figure 7 . Around 60 ns, the gap (the distance between βD and βE) is very large, the hydrogen bond between RA and Arg 109 is absent, but the hydrophobic interactions between the RA and the protein are still present. The ligand is simply oriented differently in the binding pocket as it explores that available space. The snapshot at 140 ns was selected because Figure S4 and Figure 5 show an apparent conformational change shortly before 150 ns where Portal 1 decreases and Portal 2 increases. In this situation, the changes in portal separation correspond with a decrease in the gap size. At 140 ns, the gap is still relatively large, while after 150 ns, it has returned to approximately where it was at the beginning of the production run and remains there, with normal fluctuations, throughout the simulation. The 300 ns snapshot in Figure 7 shows the portal and gap are both relatively closed.
While RA remains bound to FABP5 during the course of the simulations (see Figure S6 for images at 50 ns intervals), it certainly explores a large area of the binding pocket and forces a wide gap at points during the simulation. Lipid binding proteins are known to be particularly promiscuous, binding a wide variety of structurally different ligands, only some of which activate the protein (Armstrong et al., 2014; Ayers et al., 2007; Xu, Bernlohr, & Banaszak, 1993) . The large binding pocket, which for some iLBPs can accommodate two or three ligands, and the ability of the ligand(s) to explore many areas of the binding pocket may contribute to the low selectivity of lipid binding proteins. For a more global view of the relative motion between the ligand and protein, the distances between their respective centers of mass was calculated to be 7.36 ± .69 Å. The magnitude of the standard deviation indicates that the ligand and protein have fairly consistent separation throughout the simulation but the ligand does have some mobility, consistent with other distance monitoring reported here. To determine which protein residues interacted most favorably with the RA ligand, pairwise per-residue free energy decomposition MM-GBSA calculations were performed on 400 snapshots from 50 to 250 ns. The results of these calculations, which are best used for comparison of relative energy contributions (Genheden & Ryde, 2015) , indicate that the residues that provide the most favorable ligand-protein interactions are Arg 109, Lys 61, Thr 56, Leu 32, Pro 41, Arg 129, shown in Figure 8 . Their relative contributions to the free energy are available in Table S2 . It is clear that both hydrophobic and hydrophilic interactions are important to binding.
Ligand motion in CRABP-II
While FABP5 shows an increase in the amount of time spent in the open conformation when RA is bound as seen in Table 1 , CRABP-II shows a decrease. The CRABP-II protein is closed during 45.5% of the holo simulation compared to only 14.3% of the time in the apo form. CRABP-II is a larger, more open protein than FABP5. As a result, the bound ligand has more mobility. The RA center of mass to CRABP-II center of mass distance was 11.75 ± 1.76 Å, which is much larger than for FABP5. To further evaluate the mobility of RA in CRABP-II, the following distances were monitored, similar to those monitored for FABP5: (1) RA O1 to Met 123 SD to follow how deep the ligand was in the binding pocket, (2) RA C6 -Val 24 Cα to determine ligand-portal interactions. Arg 111 in CRABP-II corresponds to Arg 109 in FABP5 and shows the same pattern as Met 123, except with larger distance, so Met 123 was used for clarity. The time dependence of these ligand-protein separations are shown in Figure 6 . Note that no hydrogen bonding occurs between Arg 111 in CRABP-II and RA, unlike between FABP5 Arg 109 and RA. MM-GBSA pairwise per-residue free energy decomposition calculations reveal that RA interacts favorably with Arg 59, Ala 32, Leu 28, and Val 76 during the simulation. These residues are shown in Figure 9 and their contribution to the free energy of binding is given in Table S3 .
While the distance monitoring ( Figure 5 ) and radius of gyration ( Figure S4 ) calculations for the global behavior of CRABP-II indicates relative overall stability of the complex, close investigation of the ligand motion as shown in Figure 6 reveals a major change in conformation of the ligand during the simulation that is not apparent from Figure 5 alone. Figure 10 shows snapshots of the complex at 50, 100, 150, 200, 230, and 250 ns. Around 208 ns, the ligand makes the transition from having the carboxylic acid buried in the binding pocket to being close to the portal as shown in Figure 11 (a). The RA ligand continues to rotate into the position shown in Figure 10 (e); however, it does not fully exit and re-enter the binding pocket. When the carboxylic acid functional group transitions back into the binding pocket around 240 ns, it can form hydrogen bonds with Arg 132 (See Figure S8) . The RA ligand remains in the orientation shown in Figure 10 (f) for the remainder of the 300 ns simulation. Li et al. observe what may be the beginning of this rotation with a long chain fatty acid ligand in their MD studies of FABP4, and they postulate a potential alternative opening for ligand entry and exit between the βE/βF loop and the βG/βH loop while the equivalent of Portal 1 is closed. They do not, however, observe this opening with larger, bulkier ligands, which extend into solvent through the portal when they protrude from the protein at all. We only observe this complete rotation of RA out of the binding pocket in CRABP-II, not in the smaller, less flexible FABP5. Many questions remain about ligand entry and exit from iLBPs (Xiao, Fan, Zhou, Lin, & Yang, 2016) . While steered MD has been used to guide ligands into and out of binding pockets, the observation of a spontaneous ligand reorientation is quite unusual. Long et al. (2009) report a series of random expulsion molecular dynamics simulations (REMD) of two oleate ligands or two 1-anilino-8-napthalene sulfonate ligands from the binding cavity of liver fatty acid binding protein, LFABP. They discovered three portals for ligand exit: the standard portal, a portal involving the βG/βH loop, βE/βF loop, C-terminal end of αI and N-terminal end of αI/αII loop, and the antiportal, a region on the opposite end of the β-barrel from the standard portal. Our results coupled with those of Li et al. and Long et al. are making it clear that the βG/βH loop is likely more important than previously recognized in the mechanism of ligand binding and dynamics. To check the validity of our observations, we performed two additional 300 ns simualtions of CRABP-II+RA: one using the same starting coordinates as the original simulation (referred to as Trajectory 2) and one with added salt to achieve .15 M NaCl. The Trajectory 2 experiment was conducted to see if there was an effect of the AMBER wall-clock-based random-number generator used in the generating the velocities for the simulation on the observed rotation. The added salt simulation was conducted because the literature on MD simulations of lipid binding proteins presents a mix of compuatational techniques for modeling the system. In our Figure 10 . CRABP-II+RA time evolution. Figure 11 . CRABP-II+RA (a) Initial simulation at 208 ns, (b) second 300 ns simulation at 50 ns, and (c) simulation with .15 M NaCl at 37.5 ns showing the RA ligand-oriented perpendicularly to the β-barrel. Unlike in the initial simulation, the RA returns to its original orientation with the carboxylic acid functional group in the interior of the protein as the simulation continues for both the second simulation and that with added salt.
original design of this study, we followed the procedure of the recent study by to provide a direct comparison of two FABPs (FABP3 in Matsuoka et al. and FABP5 in this study). Li et al. (2014) conducts their study of FABP4 in .15 M NaCl. Figure S9 shows the time dependence of the radius of gyration for all three CRABP-II+RA simulations. In all three simulations, the protein in closed more than it was in the apo simulation. In Trajectory 2 and the added salt simulation, CRABP-II spends even more time in the closed conformation than it did the original simulation, and the RA ligand does not completely reorient so that the carboxylic acid functional groups is in the bulk water. However, in both additional simulations, the ligand did orient sideways in the binding pocket as if it might flip into the solvent. It does not continue the rotation, but instead reorients so that the carboxylic acid functional group returns to the center of the protein. Figure 11 shows the sideways orientation of the RA ligand at various points in the each of the three simulation. Figure 11(a) shows the precursor to complete rotation that was observed in the original simulation. Figure 9 (b) and (c) show that the ligand starts what could be the rotation out of the binding pocket. It does not, however, complete that rotation in either additional simulation. In all three cases, the βG/βH loop is oriented away from the binding pocket and into the solvent.
Trapped water molecules
Water molecules are implicated in many important biological processes (de Beer, Vermeulen, & Oostenbrink, 2010; Likic, Juranic, Macura, & Prendergast, 2000; Nash, Saßmannshausen, Bozec, Birch, & de Leeuw, 2017; Uroshlev et al., 2016) . The crystal structures of FABP5 (pdb id 1B56) and CRABP-II (pdb id 2CBS) had water molecules present: 39 water molecules in the FABP5 crystal structure, 6 of which are within 4 Å of the bound ligand, and 53 water molecules in the CRABP-II crystal structure, only 2 of which are within 4 Å of the bound ligand. These and other water molecules may be important in lipid recognition . While the simulations presented here have shown that the mobility of the ligand and protein is much greater than a crystal structure can demonstrate, we also wanted to determine if there were water molecules with long residence times in the simulation and how those compared to the crystal structure. B-factor values for each water in all four simulations were calculated to determine the average distance fluctuations per water molecule. In general, water molecules had lower B-factor values in the FABP5 simulations than in the CRABP-II simulations. Therefore, the water molecules mimic the protein in that CRABP-II waters demonstrate more motion as did the CRABP-II protein. To determine which waters were trapped in a certain location, those with B-factors less than 18,000 Å 2 for FABP5 and 21,000 Å 2 for CRABP-II were defined as having a long residence time. This resulted in the identification of 12 trapped waters in FABP5 Only, 6 each in FABP5+RA and CRABP-II+RA, and 1 water molecule with a long residence time in the CRABP-II Only simulation. The large magnitude of the B-factors for most water molecules indicates that they are very mobile throughout the simulation. The large binding cavity accommodates many water molecules, and these exchange with bulk waters regularly.
To determine where trapped water molecules were located and how long they were spending in that region, the distances between the center of mass of the identified trapped water and a point in the portal (residue Val 28 FABP5 and residue Gly 23 for CRABP-II), a point in the gap (residue 65 for FABP5 and residue 63 for CRABP-II), and for the holo simulations, the ligand center of mass were calculated. An example of the results from distance monitoring for water number 504 in FABP5 Only, one of 12 trapped water molecules in that simulation and the one with the 6th smallest B-factor of any water in the simulation, is shown in Figure 12 . The water molecule is in roughly the same location from 120 to 164 ns of the simulation. In Figure 13 , water 504 is shown at 50, 150, and 250 ns.
Two of the remaining trapped water molecules in the FABP5 Only simulation have a particularly long residence time. They enter the protein around t = 80 ns and remain inside throughout the remainder of the simulation. Snapshots showing their location are found in Figure 14 . One of these water molecules is located within hydrogen-bond distance of FABP5 residue Gly A water molecule in this location has been observed in multiple iLBPs and is thought to be important in the folding mechanism of this class of proteins (Kaieda & Halle, 2015; Kim, Ramanathan, & Frieden, 1997; Likic et al., 2000; Ropson & Frieden, 1992) . The second water molecule with a long residence time is located between β-G and β-H and near residue Arg 109, an important residue for forming hydrogen bonds with water molecules in the FABP5 crystal structure. The remaining water molecules that have low B-factor values in the FABP5 Only simulation reside in the protein for less time, and many enter or exit the protein via the gap. In FABP5 crystal structures, Arg 129 and Tyr 131 are particularly important as locations for hydrogen bonding between the ligand and the protein (Armstrong et al., 2014; Van Tilbeurgh et al., 1999) . In the simulations presented here, the ligand is more mobile and appears to hydrogen bond more readily with Arg 109, a neighboring arginine residue, as mentioned earlier. In the FABP5 Only simulations, these potential hydrogen bonding locations are occupied by water molecules instead of a ligand. A snapshot of all 12 water molecules that become trapped at some point during the FABP5 Only simulation can be found in Figure S10 in the Supplementary Material. These results are consistent with those reported by Armstrong et al. who find a relatively large number of ordered water molecules in the crystal structure located in the top of the β-barrel near the α-helices and the portal, and they suggest that this large number of ordered waters is indicative of the high enthalpic contribution to binding that is a feature of FABPs (Armstrong et al., 2014) . The FABP5+RA simulation shows half the number of trapped waters as FABP5 Only. The two water molecules with the lowest B-factor values are similar to those in FABP5 Only in that they enter the protein early in the simulation and they are located in the same positions: one is in the gap near the turn between β-D and β-E and the other is between β-G and β-H. Neither of these water molecules start inside the protein, but once they are in, they stay at these locations. The other four water molecules with lower B-factors are closer to the ligand, but they are primarily interacting with the protein residues, not the RA, and they are more mobile. Unlike the FABP5 Only simulation where several water molecules can be trapped in the ligand at the same time, usually only one or two trapped water molecules are inside the protein in the FABP5+RA simulation.
As mentioned earlier, the CRABP-II simulations have fewer trapped water molecules. Both CRABP-II Only and CRABP-II+RA have one trapped water that is located in the gap near the turn between β-D and β-E. Once again, Gly 68 (equivalent to FABP5 Gly 70) is important in holding this water molecule in the gap. That all four systems show this trapped water molecule and it is the only trapped water molecule in the CRABP-II Only simulation supports its importance in the structure of the iLBPs. CRABP-II+RA has five additional water molecules that have a measurable residence time, but like FABP5+RA, there are usually only one or two trapped water molecules in the interior of the protein at a time during the simulation. Around 63 ns, one of the trapped water molecules is forming a hydrogen bond with the RA ligand. Otherwise, the trapped water molecules are interacting with the protein rather than the ligand. Kaieda and Halle find that most water molecules in the binding cavity of another FABP, rat intestinal FABP or rIFABP, exchange hydration sites in approximately 1 ns, slower than that of bulk water, and that there are a few water molecules (2.6 for apo and 4.8 for palmitate-bound rIFABP) that are trapped in the protein for more than 100 ns. To quantify the mobility, or lack thereof, of the trapped water molecules in the four simulations presented here, the residence time for each water molecules was determined and the number of trapped water molecules within a given range of residence times is shown in Figure 15 . There are more trapped water molecules in holo CRABP-II than in apo CRABP-II, but the opposite is true for FABP5. However, the single trapped water molecule in apo CRABP-II has one of the longest residence times.
Conclusions
The work presented here provides insight into the challenges of designing small molecules that prevent retinoic acid from binding to FABP5 and activating the PPAR β/δ pathway. FABP5 is a smaller, less flexible ligand than CRABP-II. It might initially seem that the increased flexibility of CRABP-II would result in weaker binding of RA, but the opposite is true. CRABP-II binds RA more strongly than FABP5 does. The simulations presented here may provide some insight as to why that is the case. FABP5, like FABP4, (Li et al., 2014) spends more time in an open conformation in the holo form relative to the apo form than CRABP-II does. The CRABP-II protein closes significantly upon ligand binding as observed in three separate 300 ns simulations. Ligands that have the potential to block the FABP5/PPAR β/δ pathway should be designed to result in a more closed structure for FABP5 upon binding. Suggestions for accomplishing this task include varying the degree of saturation of fatty acids and improving hydrogen bonding or π-stacking opportunities between the ligand and the protein (Armstrong et al., 2014; Li et al., 2014) . A significant challenge in predictive ligand design, though, is the growing recognition based on computational and solution-phase experiments that the protein and ligand are both far more mobile than crystal structures indicate (Hughes et al., 2012) . The research presented here provides some insight into the origin and impacts of this mobility. Our observation of the rotation of the RA ligand out of the CRABP-II binding pocket demonstrates that (a) the βG/βH loop is more important in ligand entry and exit than previously thought, (b) the single definition of the portal as the separation of the βE/βF loop and αII is insufficient to understanding portal dynamics, and (c) the hydrophobic interactions between the RA ligand and the protein are sufficiently strong to drive the ligand back into the binding pocket rather than escaping into the solvent. In fact, crystal structures would appear to indicate that hydrogen bonding is critical to strong ligand binding; however, our results show that persistent ligand-protein hydrogen bonding is not required for the ligand to remain bound. What may be more important is the location of a few important water molecules, including the ones located in the gap near the turn between β-D and β-E and between β-G and β-H.
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